Structural biology in motion
In this special issue of Nature Structural Biology, we highlight the development of techniques to study molecular movements, the applications of those techniques and their impact on future directions of structural research. We have organized reviews on methods that have provided significant progress in this area, including cryo-electron microscopy (cryo-EM), atomic force microscopy (AFM), force spectroscopy by AFM, single molecule fluorescence resonance energy transfer (FRET)/fluorescence polarization anisotropy, ensemble FRET, electron paramagnetic resonance (EPR) and NMR dynamics.
Molecular movements and functions
Biological macromolecules such as proteins and nucleic acids perform crucial tasks that sustain life. The specific task, such as an enzymatic reaction or a ligand binding event, of each molecule is intimately associated with its structure. The structure of a molecule is by no means static -indeed, it may undergo conformational changes while performing its function. Thus, defining the molecular structure and its dynamic behavior is essential for understanding how a biological macromolecule functions.
While the importance of conformational changes to biological functions has long been appreciated, they have been difficult to study. Because molecular movements related to functions often occur only during a reaction, the species of interest are usually short-lived. Thus, providing a detailed structural description of the conformational change process presents a challenge to structural biologists and has driven the development of new techniques and experimental methods. With the determination of high resolution structures becoming increasingly routine, more effort is now being focused on relating structural changes to biological functions. Indeed, recent years have witnessed significant progress in this area. The reviews in this special issue provide a timely summary of recent progress and discuss future directions.
Technical issues
It is important to acknowledge that progress in molecular biology techniques has played a significant role in these recent advances in structural biology. One contribution is that overexpression and purification of many biomolecules is now relatively simple. The large quantity of pure proteins or nucleic acids typically required for biophysical experiments is no longer the primary limiting factor. Also, introducing changes into most biological molecules has become routine in many laboratories. This is important because biomolecules can now be manipulated to test a functional hypothesis, to alter a physical property (for example, to increase the solubility of a protein), or to attach extrinsic probes for monitoring molecular rearrangement.
The spatial resolution and temporal resolution of a technique determine the amount of structural detail that one can obtain about a conformational change process using that technique. The transient nature of the species of interest means that a sensitive technique is necessary to accumulate signals above background noise in a short period of time -at least shorter than the lifetime of the species. Furthermore, a method to synchronize a molecular rearrangement process is required; otherwise the collected signal would represent an average of all conformations in time, and the details would be lost in the average. The reviews in this issue cover two types of techniques -microscopy and spectroscopy -that have been successfully It is also worth noting that cryo-EM and AFM directly visualize molecular structures, although the structures obtained by these two methods are usually at a lower resolution than those determined by NMR and X-ray crystallography. Structural movements observed by cryo-EM or AFM have often been interpreted based on data provided by high resolution structures. Conversely, the low resolution structure of the ribosome reconstructed from cryo-EM data provided initial models for determining the high resolution crystal structure. Thus, these techniques provide information that is highly complementary.
Structural information provided by FRET also complements that provided by EPR. Both FRET and EPR can provide distance information between two specific sites in a biological molecule. These independent methods are sensitive to changes at different distance ranges (EPR 8-25 Å; FRET typically > ∼25 Å), and together could probe a wide range of movements.
While we would have liked to cover every method in this issue, space has limited the number of topics that we could include. To narrow down our choices, we selected methods that have a broad range of applications -for example, on both proteins and nucleic acids. Moreover, we selected techniques that have been used to address different types of biologically relevant questions. Finally, we selected topics that have not been reviewed recently. Thus, some of the methods are notably absent but are certainly worth mentioning.
The topics most notably absent from this special issue are time-resolved X-ray crystallography, time-resolved small angle X-ray scattering, infrared spectroscopy and Raman scattering, optical and magnetic tweezers and mass spectrometry. Time-resolved X-ray crystallography monitors structural changes at high resolution, and in recent years has been used to study several systems including light-activated proteins. Some of these advances were discussed in a review by Keith Moffat in the Synchrotron Radiation Supplement to Nature Structural Biology 1 in 1998. Related to this technique is time-resolved small angle X-ray scattering, which allows detection of changes in molecular size and shape. Because this technique is only suitable for investigating large scale conformational changes, its application has so far been quite specialized -the study of protein and RNA folding.
Infrared spectroscopy, Raman scattering and circular dichroism are sensitive to changes in protein backbone conformations. They are thus useful tools for studying reactions involving protein backbone rearrangements, such as protein folding reactions. While these methods monitor structural changes at the backbone level, it is often difficult to pinpoint the exact location of a conformational change. Therefore, we have not included them in this issue. However, the development of synchrotron radiation circular dichroism and its potential applications are briefly discussed on page 708 of this issue.
The general applications of optical and magnetic tweezers are similar to those of force spectroscopy by AFM. Recent applications using optical tweezers to study muscle contraction and those using optical and magnetic tweezers to study the mechanical properties of nucleic acids have demonstrated the utility of these methods in monitoring molecular movements. Some of these applications are briefly mentioned in the review of force spectroscopy by AFM (page 719).
Mass spectrometry has typically been used as an analytical method for identifying molecular species. Recent development of coupling hydrogen exchange, chemical modification and protease digestion with mass spectrometry detection demonstrates that it is now possible to detect and locate the site of structural rearrangements. This technique has not been applied to a broad range of biological systems, but it is beginning to emerge as a valuable tool for investigating conformational changes.
Perspective
The reviews in this special issue of Nature Structural Biology highlight recent advances in monitoring conformational changes. As structural determination becomes increasingly routine, more emphasis will be placed on understanding exactly how molecules move and interact to accomplish their tasks. Thus, the future will undoubtedly bring important new advances in all of these techniques.
